Static forces (a combination of steric and electrostatic interactions) and dynamic shear forces (resulting from interactions between polymer chains) were measured between quaternized poly-4-vinylpyridine layers (QPVP) adsorbed onto mica from 1 mM borate buffer with or without added 0.25 M NaCl. At the polyelectrolyte concentration chosen, 0.4 mg mL -1 , extended layers were formed at all adsorption conditions. The adsorbed amount of 98% quaternized poly-4-vinylpyridine was lower at low ionic strength than of 14% quaternized, and increased with added salt. Layers formed by one-step adsorption showed a predominantly elastic response to small-amplitude oscillatory shear in the frequency range 0.13-130 Hz. In the case of two-step adsorption, the confined layers allowed viscous dissipation of similar magnitude as the elastic, which suggests that additional chains adsorbing at high salt concentration onto a preformed layer had fewer segments in contact with the solid surface.
Introduction
Polyelectrolytes (charged polymers) are commonly used to control the stability of colloidal dispersions in aqueous systems, for example in paper-making and in water-based paints. The adsorption of polyelectrolytes on surfaces, which has been studied extensively both experimentally [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] and theoretically, [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] is primarily the result of electrostatic attraction that leads to an entropically favored replacement of small, adsorbed counterions with charged segments of the macromolecule. It is also influenced by van der Waals forces. In this study, we will not be concerned with the specific lock-and-key interactions that are prominent in some biological systems. Due to desorption of hydrated small cations from many solid surfaces into aqueous solution, 32 negatively charged surfaces are abundant in nature. The adsorption of cationic polyelectrolytes is therefore of large practical importance.
The different conformations of polyelectrolyte chains in solution and on a surface result from a balance between elastic (stretching) energy and conformational entropy. In addition to these usual considerations for neutral polymer chains, there are additional electrostatic interactions between segments. [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] The details of how to describe this contribution have proven difficult and controversial to quantify. Typically, highly charged polyelectrolytes adsorbing at low concentration from low ionic strength solution form very flat layers on oppositely charged surfaces, 3, [5] [6] [7] [8] [9] [10] [11] [12] 15, [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] and the adsorbed amount is not strongly sensitive to the chain length. In the absence of other interactions, an increased concentration of counterions would compete with the polyelectrolyte for adsorption sites and cause a decrease in the adsorbed amount. 25 However, in the presence of van der Waals or specific surface attractions, the amount of highly charged polyelectrolyte adsorbed from low solution concentration initially increases with increasing salt concentration due to screening of the repulsion between segments, and forms a progressively more extended layer. [3] [4] [5] [6] [7] 9, 11, 12, 18, 21, 24, 25, [29] [30] [31] [32] [33] Experimentally, it has been found 11, 12, 19, 33 that the time needed for equilibration after changing the adsorption conditions can be very long due to the slow rearrangement of long chains with many strongly adsorbed segments. This leads to difficulties in determining the equilibrium conformation at different conditions.
One distinguishes between weak polyelectrolytes, where the charge density depends on the pH 1, [6] [7] [8] 12, 15, 20, 24, 27, 28 (dissociation of polyacids and polybases), and strong polyelectrolytes [2] [3] [4] [5] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] 24, 25 that contain permanent charges in aqueous solution. We have studied a strong polyelectrolyte system, 14% and 98% quaternized poly-4-vinylpyridine, adsorbed on mica from 0.4 mg mL -1 aqueous solution at high pH and varying electrolyte concentration. Our emphasis was (i) to compare (see (ii) later) layer thickness, extension, and interfacial rheology at different charge density, and (ii) to study effects of adsorption history when the layers were adsorbed from a higher solution concentration than in most previous studies of polyelectrolytes on mica. [5] [6] [7] [8] [9] [10] [11] 14, 17, 20 The adsorbed amount is compared to recent experiments on the adsorption of these polymers on oxidized silicon at similar conditions, 18, 19, 33 and to a study on 98% quaternized poly-4-vinylpyridine adsorbed on mica from 0.005 and 1.0 mg mL -1 solution. 33 The interaction forces measured on approach and separation of two adsorbed layers are compared to studies on other strong cationic polyelectrolytes with high charge density at low concentration of added salt and significantly lower polyelectrolyte concentration than in our systems, 5, [9] [10] [11] 17, 20 and to studies of partially charged ones (1%, 14 10%, 13 and 30% 16 ) at concentrations lower than or comparable to in our systems. Measurements of dynamic (shear) interactions as a function of separation distance were used to detect the extension of the adsorbed polyelectrolyte layers. The total electrolyte concentration and the order of adsorption from different solution conditions were found to strongly affect the adsorbed amount and the extension of the chains. The measurements of interaction forces as a function of distance together with the responses of strongly compressed layers to shear suggest that, on the timescale of our experiment, different conformations of the same polyelectrolyte result from different adsorption paths.
Experimental Section
The interaction forces and shear properties of two adsorbed polyelectrolyte layers in aqueous solution at 25°C were measured using a surface forces apparatus (SFA), modeled after the "Mark II" SFA 34 and equipped with a device for oscillatory lateral shear. 35, 36 The surfaces were thin sheets of muscovite mica, which were silvered on their backside and glued onto half-cylindrical, fused silica support disks with a thermosetting epoxy glue, EPON 1004F (Shell). The surface separation, D, relative to adhesive contact between the mica sheets in dry air, was measured by multiple beam interferometry with an accuracy of 1-2 Å. 34, 37 The lower surface was supported on a double cantilever spring with a spring constant of 930 N/m, allowing the force between the surfaces to be determined by monitoring the spring deflection as a function of separation. At points where the gradient of the interaction force exceeds the spring constant, the surfaces will spontaneously jump to the next stable position.
The linear shear response of two approaching polyelectrolyte layers in solution was studied as a function of separation at a frequency of f ) 1.3 Hz and a displacement amplitude of a few angstroms. Strongly compressed layers were also studied in small-amplitude shear experiments in a frequency range of f ) 0.13-130 Hz, and at a constant frequency of f ) 13 Hz with a displacement amplitude of 0.3-1900 Å. The shear was induced by applying a sinusoidal voltage to a piezoelectric bimorph element on a device holding the upper surface. The lateral motion is resisted by the viscoelastic fluid layer confined between the two surfaces, and the complex shear force can be calculated from the damping and phase shift of the oscillation as detected from the voltage induced in another, symmetrically placed bimorph element. The response can be separated in an elastic force (in phase with the drive) and a dissipative force (out of phase). The elastic and viscous force constants, f elastic /x and f viscous /x (where x is the displacement amplitude in oscillatory shear deformation), can be normalized by the effective contact area multiplied by the film thickness to give effective elastic and viscous shear moduli, G′ eff and G′′ eff . The contact area for the thinnest films (high compression) was calculated from the diameter of the flattened tip of the interference fringes. For thicker films, it was estimated from the "Langbein approximation" as described in ref 38.
The polyelectrolyte was poly-4-vinylpyridine (Polymer Source, Quebec), quaternized to different degrees, 14% and 98% (determined by infrared spectroscopy), with ethyl bromide in ethanol solution. 18 The number average molecular weight before quaternization was M n ) 34 200 g/mol (degree of polymerization n ) 325) with a polydispersity of M w /M n ) 1.23, and after quaternization the M n was 39 000 g/mol and 69 000 g/mol for the two degrees of quaternization, respectively. 18 The adsorption was done outside the SFA by immersing support disks with mica in 0.4 mg mL -1 quaternized poly-4-vinylpyridine (QPVP) solution at pH ) 9.2 for 1-1.5 h at room temperature. The mica surface is negatively charged in the buffer solution, and positively charged QPVP segments adsorb to replace small adsorbed cations. In addition, both charged and uncharged segments interact with the surface through van der Waals forces. FTIR measurements suggest that on negatively charged silica surfaces, the adsorbed amount of QPVP reaches a constant value after ca. 50 min at a concentration of 0.005 mg mL -1 , 18 and that the adsorption is more rapid with increasing concentration (constant amount after 10 min at 0.1 mg mL -1 ). The solvent was either 1 mM borate buffer (Borax, Na 2 B 4 O 7 ‚ 10 H 2 O, EM Science (Merck)) or 1 mM borate buffer containing 0.25 M NaCl. The water used to prepare the solutions was distilled and passed through a Barnstead Nanopure II deionizing and filtering system. After the adsorption, nonadsorbed polymer was removed by immersing the surfaces in borate buffer or buffer with 0.25 M NaCl (conditions matching the ones used for adsorption) for 30-40 min. In FTIR experiments on silicon oxide surfaces, no desorption of 48% QPVP was found when rinsing with buffer solution with similar ionic strength as the adsorption solution, 19 nor did 98% QPVP desorb when the adsorption solution was replaced with 0.1 or 0.5 M NaCl solution. 33 It is thus unlikely that the amount of adsorbed polymer decreases significantly during the rinsing in the present experiments. This is supported by other studies where a 10% charged copolymer was found not to desorb from mica in pure water within 12 h, 12 and another, fully charged cationic polyelectrolyte was shown to desorb to a small extent only after immersion in dilute electrolyte solution for days. 39 When removing the disks from the rinsing buffer, they were held so that a drop of the liquid remained on each surface while they were being mounted in the SFA, and a 0.2 mL drop of borate buffer (or buffer with 0.25 M NaCl, according to the adsorption conditions) was immediately added to merge these opposed drops. As a result, the liquid between the QPVP layers during the experiment had a similar electrolyte concentration as the adsorption solution, but did not contain free polymer.
(At a concentration of 0.4 mg mL -1 and assuming full dissociation, the 14% and 98% QPVP in the adsorption solutions contribute 0.5 mM and 1.8 mM 1:1 electrolyte, respectively, to the total ionic strength). A separate series of experiments were done as a two-step adsorption where 98% QPVP was adsorbed first for 1 h from borate buffer, then for 1 h from borate buffer with 0.25 M NaCl. These surfaces were then immersed in buffer with 0.25 M NaCl for 40 min, mounted as above, and the measurements were done in buffer with 0.25 M NaCl.
Since the atmosphere in the chamber of the instrument was exposed to P 2 O 5 to protect the piezoelectric bimorph elements of the shear device from humidity, evaporation occurred of water from the drop between the surfaces. Each experiment was therefore started immediately after mounting the surfaces, and discontinued after 1.5-2 h when an evaporation of up to 30% of the drop could be seen. This change in volume affected the electrolyte concentration, mainly in the experiments were NaCl was used, but was too small to affect the pH of the buffer solution.
Results and Discussion
Adsorbed Amount at Different Charge Density and Salt Concentration. We have studied 14% and 98% QPVP layers adsorbed from a higher solution concentration (0.4 mg mL -1 ) than in most previous studies of polyelectrolytes on mica. [5] [6] [7] [8] [9] [10] [11] 14, 17, 20 The final thickness of two compressed layers ("hard-wall" separation) varied with the charge density and with the electrolyte concentration of the adsorption solution. The adsorbed amount on each surface calculated from this thickness (assuming a density of 1.15 g/cm 3 as for uncharged PVP, 40 also for the values from ref 33) is given for each system in Table 1 together with values from other investigations. 18, 33 The compressed layers also contain solvent, so that the values given in Table 1 represent an upper bound for the adsorbed amount on mica at these conditions. The adsorbed amount was generally slightly larger on silicon oxide than on mica. This is consistent with earlier findings that the limiting density of charges on silicon oxide is higher so that adsorption of polyelectrolyte is accompanied by additional ionization of SiOH groups to increase the charge density of the silicon oxide from an estimated 2 × 10 18 m -2 at pH 9.2 and low salt concentration. 18 At this pH, the mica has already reached 17, 41, 42 its maximum possible surface charge density, 2.1 × 10 18 m -2 . 43 It is apparent from the data in Table 1 that (i) at low concentration of salt, the mass adsorbed of 14% QPVP was approximately 1.5 times larger than the one of 98% QPVP, and (ii) the mass adsorbed of 98% QPVP increased with the salt concentration. The latter observation is consistent with screening of charges on the polyelectrolyte chain, causing less repulsion between segments. Regarding the first point, it is known that the amount of adsorbed polyelectrolyte at low electrolyte concentration decreases with increasing charge density. 25, 44 Comparison of SFA studies of 1%, 14 10%, 13 and 30% 16 charged copolymer systems shows that the compressed film thickness (hard-wall) decreased from about 75 Å to 40 Å (for polyelectrolyte concentrations in the range 0.05 mg mL -1 to 0.2 mg mL -1 ), and for the corresponding fully charged polyelectrolytes 9,10,39 the hard-wall was found at a film thickness of only 10 Å (at concentrations from 9 0.01 mg mL -1 to 10 0.1 mg mL -1 ). In a study of 76% quaternized poly-2-vinylpyridine (concentration 0.1 mg mL -1 ), 20 a hard-wall separation of 23 Å was found at low pH, where also the nonquaternized segments are charged, as compared to 33 Å at high pH. A similar trend is seen when comparing the adsorbed amounts of our 14% and 98% QPVP from buffer solution (cf. Table 1 ). This is consistent with an electrostatic mechanism of adsorption, where the number of charged units, not the total mass adsorbed, is the more important parameter.
The adsorbed amount gives information on the compensation of charges on the solid surface. In studies on highly charged cationic polyelectrolytes at lower concentration than in our experiment, it has been shown that the small counterions located at a mica surface in aqueous solution (neutralizing most but not all of its charge) are exchanged by entropically favored adsorbing charged polyelectrolyte segments so that the electrostatic repulsion between two surfaces disappears 5,9,10,39 at a polyelectrolyte concentration where the total charge of the (flat) polyelectrolyte layer neutralizes approximately 80% 9,10,39 of the maximum negative charge on the mica surface (2.1 × 10 18 charges/m 2 ). Based on the estimate of the adsorbed amount of 14% QPVP at strong compression (1.4 mg/m 2 , cf. Table 1 ), the total charge of the polyelectrolyte layer on each surface in this system is at most 1.0 × 10 18 m -2 , and the surface charge of the mica is thus likely undercompensated. A similar conclusion has been drawn by Rojas et al., 14 who found that the amount of charged segments in the adsorbed layer of a 1% charged cationic copolymer was lower than the surface charge of mica and silica at the conditions studied. The limitation in the adsorbed amount was ascribed to steric hindrance of charged segments reaching the solid surface through the extended layer of uncharged segments. 14 These observations are in good agreement with FTIR measurements on 14% QPVP adsorbed on silicon oxide from a buffer solution at pH ) 10.5, 18 which showed that a lower adsorbed amount (by almost a factor 2) of charged segments was obtained for this system than for 48% and 98% QPVP at similar conditions.
Following similar arguments, the charge in a compressed, adsorbed layer of 98% QPVP adsorbed from buffer is around 2.5 × 10 18 m -2 , suggesting that the surface charge of the mica is overcompensated. This agrees well with theoretical predictions 24 for fully charged polyelectrolyte at low salt concentration, and with experimental observations on 76% quaternized poly-2-vinylpyridine at varying pH and a concentration of 0.1 mg mL -1 . 20 Marra and Hair 5 have shown that at low pH, where the mica surface potential was about half of that in our system, approximately 70% protonated (nonquaternized) poly-2-vinylpyridine layers with a compressed (hard-wall) thickness of 12 Å (i.e., an adsorbed amount of 0.7 mg/m 2 ) caused charge reversal of the surfaces.
Static and Dynamic Forces as a Function of Separation. The static forces (normal to the substrates) as a function of separation distance were measured together with the corresponding elastic and viscous forces resisting oscillatory lateral shear. These forces are presented normalized by the radius of curvature of the surfaces, R, to allow comparison between different experiments. In all systems we studied, a repulsive static force was observed as the surfaces approached one another. We will see that this force contains an electrostatic component arising from the under-or overcompensation of the surface charge, as discussed above. At small separations, an attractive force appeared only between layers adsorbed at low electrolyte concentration, which will be discussed in more detail below. In systems where no adhesion was found, the static forces on separation were slightly weaker and had a shorter range than on approach, but recovered within the time the surfaces where held separated (about 10 min) before the next approach. In all systems, reproducible force measurements were obtained on subsequent approaches unless a very high pressure had been applied. Hysteresis between purely repulsive forces measured on approach and separation has also been seen in other systems, particularly in the presence of a high solution concentration of polyelectrolyte, 14, 16 and in some cases a force dependent on the number of approaches, 1,2,5,7,9,11,20 which we did not observe in our systems.
Forces between 14% QPVP Layers Adsorbed from 1 mM Buffer. In the case of 14% QPVP adsorbed from 1 mM borate buffer with no added salt (Figure 1 ), the static repulsion between two layers (open symbols) had a considerably longer range than the shear forces. The interactions in Figure 1a , where the layers were not strongly compressed, were reproducible on subsequent approaches and separations. After strong compression to F/R > 30 mN/m, the range of the shear forces was reduced from about 200 Å to 100 Å (Figure 1b) , indicating a flattening of the two layers of adsorbed polymer (irreversible on the timescale of our experiments). The magnitude and range of the static force was, however, reduced only slightly from the one in Figure 1a. At this low electrolyte concentration, the static force is a combination of steric and electrostatic interactions, whereas the shear forces result from interactions between polymer chains. We note the reasonable agreement between the measured decay length, 67 Å, of the force at D > 150 Å in Figure 1b and the Debye length of κ -1 ) 56 Å in 1 mM 1:2 electrolyte, or κ -1 ) 68 Å in 2 mM 1:1 electrolyte 32 (the limiting cases of no hydrolysis or complete hydrolysis of the borate ion). This comparison suggests that the long range part (or tail) of the static force in the 14% QPVP system is of electrostatic origin and the actual extension of each layer is only 75-100 Å from each surface in a noncompressed conformation, as detected from the onset of shear interactions in Figure 1a . Further analysis of the electrostatic force in Figure 1 is complicated by uncertainty about the distribution of the charge within the QPVP layer (causing possible shifts of the static force along the distance scale but not affecting the decay length. 23 ). Compared to Figure   1b , the static force in Figure 1a has a longer decay length, 76 Å, showing the influence of steric repulsion from the extended chains. Such discrepancies between the measured force and the expected Debye length, 10,39 as well as a nonexponentially decaying force, 13 have been found in other polyelectrolyte systems at increased concentration and have also been attributed to steric interactions in addition to electrostatic. The observation of the range of steric interaction is supported by a study of Rojas et al. 14 on a 1% charged cationic copolymer that was found to form brush-like layers (loops) containing a total amount of charged segments lower than the surface charge of mica and silica at the conditions studied. Following the approach in ref 14, the noncompressed layer on each surface in our system would contain tails and loops with a length of on average 45 segments (14% of n ) 325) with a possible extension of ca. 140 and 70 Å from each surface, respectively, which is within the range estimated from the shear forces measured between two surfaces in Figure 1a . A similar analysis has been done for forces measured between thin gelatin layers adsorbed on mica, 7 where a brush model for a steplike segment density profile superimposed on an exponentially decaying (electrostatic) force was used to fit the data.
Adhesion and Shear of Compressed 14% QPVP Layers. In several studies on highly charged polymers at low concentration, 5,9,10,20 adsorbing as nearly flat layers, it has been found that bridging of chains from one surface to the other gives rise to a long-range attraction on approach (at D e 150 Å) and strong adhesion ((F/R) adh ≈ -20 to -100 mN/m). For 14% QPVP, which adsorbed in an extended conformation, we observed that the moderate range of the attraction (distance from which the surfaces jumped in) increased from 55 Å (Figure 1a ) to 80 Å (Figure 1b) upon flattening of the adsorbed layer, while the magnitude of the adhesion on separation remained around -5 mN/m (insets in Figures 1a and 1b) . This increase in range cannot be explained by bridging on the approach, since bridging would be reduced after denser, less penetrable layers with fewer extending chains were formed during strong compression. The relatively low adsorbed amount of charged segments in this system (discussed previously) already indicated that the surfaces were not accessible to incoming chains even when the adsorbed layers were not compressed. Because some expansion of the layers was seen on separation, a bridging or entanglement developing in contact should not be excluded entirely, but the onset of the attractive force on approach of flattened layers is more consistent with van der Waals interactions.
The contribution of this attraction to the adhesion on separation can be estimated from van der Waals-Lifshitz theory 38 by considering the hypothetical situation of compact (flat) layers of QPVP interacting across water. Tentatively, we assume the dielectric constant QPVP ) 3 and refractive index n QPVP ) 1.6, giving F/R ) -3 mN/m at a separation of 10 Å from contact (corresponding to the jump-out distance of D ≈ 45 Å in Figure 1a , where the hard wall was at 36 Å). We suggest that the layer expansion seen as the compressive force was released arose from initially extended chains in trapped conformations. These chains prevented the more compact part of the QPVP layers (located directly at the surfaces) from coming in direct contact, which would be seen as a stronger adhesion due to van der Waals forces acting at a smaller separation.
The shear properties of the adsorbed layers were also investigated at large compression (the hard-wall separation) as a function of shear frequency and amplitude. Figure 2 shows the elastic and viscous moduli in the 14% QPVP system at film thicknesses of D ) 24 and 33 Å. The response is dominated by the elastic component, as is commonly observed for thin, confined polymer films where each molecule has many points of contact with the solid surface. 45, 46 The response of the same strongly compressed polymer layers to shear of increasing amplitude at a frequency of f ) 13 Hz is shown in Figure 3 as elastic and viscous shear stress vs shear rate (strain × angular frequency). In this system and also for the 98% QPVP discussed below, the transition from linear to nonlinear response (the commencement of sliding) was continuous. For 14% QPVP it occurred at an effective strain (deflection amplitude divided by film thickness) of 0.5.
Force and Adhesion Measurements on 98% QPVP Layers at Different Salt Concentrations. The forces between 98% QPVP layers adsorbed at different conditions are shown in Figure 4 . In all cases, the range of the shear interactions in the 98% QPVP systems was less sensitive to strong compression than the 14% QPVP discussed above. Adsorption from a solution with higher electrolyte concentration resulted in a significantly larger adsorbed amount (Table 1) as judged from the hard-wall film thickness measured on compression. The origin of the interactions observed at different conditions is discussed below.
(a) 98% QPVP in 1 mM Buffer. When adsorbed from 1 mM borate (Figure 4a) , the compressed (hard-wall) thickness of two 98% QPVP layers was only 16 Å, but in contrast to 14% QPVP (Figure 1a) , the distance ranges of the static force and the shear forces were considerably larger and nearly coincided. As mentioned previously, an electrostatic repulsion is likely to be present in this system due to the charge reversal. In this situation the adsorbed amount is limited because of a repulsive (positive) potential building up as the surface charge on the mica is being overcompensated. However, the measured static force in our system did not decay exponentially at large D. At smaller separations the decay length was ca. 78 Å (to be compared to κ -1 ) 56 or 67 Å, as discussed for 14% QPVP in buffer), which together with the shear data suggest that the static force also at large separations is influenced by steric repulsion between chains that are strongly stretched due to their high charge. An adsorbed amount similar to the one in our system was found in experiments where the 98% QPVP was allowed to adsorb onto mica from a 0.005 mg mL -1 solution in 1 mM borate buffer. 33 At this concentration, the long-range interactions were well described as purely electrostatic (decay length 60 Å), suggesting that the chains adsorbed in a flat conformation. At very high concentration, 1 mg mL -1 , a larger adsorbed amount was obtained (cf. Table 1 ), 33 but in this case the observed decay length of the force, 30 Å, was shorter than the expected Debye length (taking into account the ionic strength of the polyelectrolyte in the adsorption solution kept between the surfaces in the experiments 33 ).
This aspect of our results is qualitatively similar to experiments by Dahlgren et al. on another fully quaternized polyelectrolyte adsorbed at low ionic strength at concentrations lower than in our experiment (0.05-0.1 mg mL -1 ), but high enough to cause overcompensation of the surface charge. 10 Similarly to adsorption at even lower concentration (0.01 mg mL -1 ), the compressed layer thickness in that system was e10 Å, suggesting a small adsorbed amount, but at the higher concentrations, repulsive forces were found with a longer decay length than the Debye length. 10 The longer decay length was interpreted as chains extending into solution to add a steric force to the electrostatic. 10 Our data on the shear forces (Figure 4a ) confirm this result and show that at higher adsorbed amounts, this extension can be large due to the strong stretching of highly charged chains. The larger hard-wall thickness in our system, 16 Å, is due to a larger adsorbed amount at higher concentration.
In this system, no jump-in was seen on compression, and an adhesive force with a magnitude of ca. -13 mN/m at the jumpout from D ) 28 Å developed only after applying a compressive force larger than +20 mN/m at the hard-wall separation. When the compressive force was lower, the separation was reversible and resembled the curve obtained on approach, as shown in the inset in Figure 4a (filled triangles pointing down) . The adhesion likely comes from a combination of bridging and van der Waals forces, of which the latter contribute approximately -3 mN/m at a separation of 10 Å from contact in a system modeled as flat layers, as discussed above for 14% QPVP. The adsorbed amount in our system, 0.9 mg/m 2 , would correspond to one complete (compact), flat monolayer on each surface as estimated by Marra and Hair for poly-2-vinylpyridine. 5 However, at the conditions in our experiment, the layer is not flat but some of the chains are clearly extending into solution at low compression. Since the adhesion did not develop until after strong compression, a rearrangement must occur of the trapped conformation of the extended chains that otherwise keep the layers separated at a particular distance. Rearrangement leading to bridging attraction appearing only after adhesive contact has also been proposed for highly protonated poly-2-vinylpyridine on mica at a lower surface coverage than in our system. 5 Entanglement between chains adsorbed to different surfaces is also conceivable but is expected to be low because highly charged chains repel one another.
(b) 98% QPVP in Buffer with Added 0.25 M NaCl. If the adsorption of 98% QPVP was allowed from borate buffer containing 0.25 M NaCl (Figure 4b ), the range of interaction was similar to the case without salt (Figure 4a ), but the hardwall thickness and the inferred adsorbed amount (Table 1) were significantly larger. No adhesion was observed in this system even after applying large compressive forces (inset in Figure  4b ). Compared to the case of 98% QPVP adsorbed at low electrolyte concentration (Figure 4a ), the extension of the shear forces was not quite as long as the static forces. In this system, this is not because of additional electrostatic forces as for 14% QPVP (Figure 1a) , since the range of these should be short at high ionic strength, but is likely due to the different conformation of the adsorbed QPVP. The conformation and adsorbed amount are the result of screening of charges on the polyelectrolyte chain (causing less repulsion between segments, and thus a conformation more similar to a neutral polymer chain), [21] [22] [23] [24] [25] and of adsorption of small cations to the surfaces. The screening of the charge on the pyridinium ion is dependent on the counterion, and decreases in the order I -> Br -> Cl -. [47] [48] [49] [50] As an example, it can be inferred that at an I -concentration of 0.3 M, more than 40% of the charges on free QPVP chains are screened. 47, 50 At low electrolyte concentration (Figure 4a ), the adsorbed amount was low, and the chains extending from the surfaces were strongly stretched. In 0.25 M NaCl (Figure 4b ), a larger fraction formed loops and a small amount of the polymer was found in long tails, 24 a conformation resembling the one expected for adsorbed uncharged polymer. As a result of the lower stretching, the range of the static force did not increase in proportion to the adsorbed amount, as may be seen by comparing Figures 4a and 4b . A change in conformation from flat layers to "loops" or extended layers when increasing the salt concentration has been observed in several systems of polyelectrolytes adsorbed from lower concentration onto mica. 5, 7, 9 This is supported by measurements of the infrared dichroism of the pyridinium ring of our 98% QPVP on silicon oxide, where the pyridinium segments were preferentially oriented parallel to the surface at low salt concentration, and a more isotropic orientation was found in 0.25 M NaCl. 18 (c) Two-step Adsorption of 98% QPVP. The effect of adsorption history is shown in Figure 4c . The polymer was allowed to adsorb in two steps (procedures that, when done separately, result in the interactions shown in Figures 4a and  4b ). In this case the extension of the forces was significantly larger than obtained separately for the two adsorption conditions (note the different distance scale in Figure 4c ), even though the adsorbed amount was only twice the one obtained in the first step (Table 1) , and the magnitude of the force at smaller separations did not exceed the one in Figure 4a . This is consistent with FTIR experiments and previous force measurements 33 that suggest that the polymer chains adsorbing during a second adsorption step to the already partially covered surfaces have fewer contact points with the solid surface per chain and thus dangle far out into the solution to give a large increase in the range of the forces. The measured static force range suggests that some chains extend about 750 Å from each surface, which would be close to the contour length of a chain with n ) 325. However, we note that the polydispersity of the QPVP is 1.23, which implies that also significantly longer chains are present in the system, and the extending chains are therefore not necessarily fully stretched. The possible preferential adsorption of longer polyelectrolyte chains has not been investigated for our system, but has been discussed for TiO 2 and SiO 2 surfaces. 12 A qualitatively similar increase in the range of the static force after increasing the salt concentration in a second step has also been observed at higher concentration (1.0 mg mL -1 ) of 98% QPVP. 33 These results differ from observations on another cationic polyelectrolyte at significantly lower concentration, 0.02 mg mL -1 , 11 where the extension of the forces was longer if adsorption was done directly from a higher electrolyte concentration than if it was done in two steps. It is likely that the different results arise from the differences in polyelectrolyte concentration in the adsorption solution. It is possible that the conformation obtained in our system was a nonequilibrium situation, although no changes could be seen on the time-scale of our experiments. A larger hysteresis on separation (inset in Figure 4c ) than in the systems obtained by one-step adsorption (insets in Figures 4a and 4b ) indicates higher sensitivity of this system to compression. No adhesion was seen between 98% QPVP layers after two-step adsorption, even though the hardwall thickness and the adsorbed amount inferred are very similar to the ones found for 14% QPVP in Figure 1a . We suggest that the better filling of the surface sites obtained with 98% QPVP and the conformation of the additional chains on compression prevented adhesive contact.
Shear Response of Confined Layers of 98% QPVP. A qualitatively similar response to small-amplitude oscillatory shear was observed for 98% QPVP adsorbed from 1 mM borate buffer (Figure 5a ) as from buffer with 0.25 M NaCl ( Figure  5b ). In both cases, the elastic component dominated. In buffer with 0.25 M NaCl, the overall magnitude was somewhat lower (reflecting the larger film thickness) and the viscous response approached the magnitude of the elastic response at the highest frequency. However, in the system formed by two-step adsorption (Figure 5c ), the viscous response was of similar magnitude as the elastic (smaller only by a factor 2) throughout the frequency range investigated. The behavior of this system is consistent with a different structure of the compressed adsorbed layer compared to the ones obtained in adsorption in one step, where a predominantly elastic response is caused by polymer chains having many contacts with the solid surface, which restricts their motion. In the structure obtained in the two-step adsorption, the compressed film contains a middle region of chains with fewer contacts with the solid surface and their motion can therefore be expected to be less restricted. When comparing the shear moduli of two compressed films with similar thickness, 14% QPVP in 1 mM buffer solution ( Figure  2 ) and 98% QPVP after two-step adsorption (Figure 5c ), the proportions between the elastic and viscous components can be easily compared, again suggesting different structures.
The responses of the compressed 98% QPVP layers to increasing displacement amplitude at a frequency of f ) 13 Hz are shown in Figure 6 . The limiting strain was 1-1.5, 0.5, and 0.6 for 98% QPVP adsorbed at different conditions as described in Figure 6a , b, and c, respectively. Generally, more mobile layers are expected to have larger limiting strain than solid-or rubber-like ones, which explains the value 0.6 for the two-step adsorption compared to 0.5 for the 14% QPVP film with similar thickness (Figure 3 ) and 0.5 for 98% QPVP in buffer with 0.25 M NaCl. The limiting strain of 1-1.5 for 98% QPVP adsorbed from buffer (Figure 6a ) is unexpected for molecules with many contacts with the surface, which would typically give a rubberlike response. As discussed previously, the magnitude of the adhesion in this system suggests that bridging occurred when the adsorbed layers were compressed strongly. A coupling of the surfaces by bridging chains might possibly explain this unusual shear behavior.
Interactions in an Asymmetric System of 14% and 98% QPVP. In Figure 7 , we show the interactions in an asymmetric system where one surface carried 14% QPVP and the other 98% QPVP, both adsorbed from 1 mM borate buffer. The interaction forces appear to be intermediate to the ones seen separately for symmetric systems (Figures 1a and 4a) , as were the shear moduli and stress (not shown). No adhesion was observed even after strong compression. Bridging is not expected because of the steric hindrance at the 14% QPVP surface. As a point of speculation, we note the increasing slope of the repulsive interaction (static force) at short separations in this system. Possibly, the conformation of the compressed extended chains of the 98% QPVP layer against the compact 14% QPVP layer prevented the layers from coming sufficiently close to experience an observable van der Waals attraction.
Conclusions
In contrast to prior experiments on strong polyelectrolytes at very low solution concentrations, extended layers of both 14% and 98% QPVP resulted from adsorption at the higher concentration (0.4 mg mL -1 ) studied here. At high degree of quaternization and low electrolyte concentration, the chains were strongly stretched. As predicted theoretically, the extension became more similar to that of neutral polymer when the ionic strength was high. Even after strong compression, the adsorbed layers remained extended after separation, which complicates the determination of the charge on the solid surface and thus the analysis of the electrostatic contribution to the repulsive force. The adsorbed amounts on mica were lower than on silicon oxide at the same pH and ionic strength, but qualitatively similar changes occurred upon changing the solution conditions. A nonequilibrium structure of the adsorbed layer, with a fraction of adsorbed chains extending far into solution, was formed after two-step adsorption. 
